*In vivo*endotoxin tolerance
============================

Paul Beeson first reported endotoxin tolerance in 1946 \[[@B1]\] as the abolition of the fever response of rabbits undergoing repeated daily injection of the same dose of typhoid vaccine. Later, it was shown that plasma of a tolerant rabbit could passively transfer tolerance to pyrogenicity of bacterial endotoxin to another animal \[[@B2]\]. In human volunteers, it was shown that inoculation of live *Salmonella typhosa*led to a reduced fever in response to endotoxin or killed bacteria compared to before infection \[[@B3]\]. Interestingly, a similar observation was reported with volunteers inoculated with *Plasmodium cynomolgi*by mosquito bites \[[@B4]\], suggesting that cross-tolerization between different stimuli could occur. In addition to human volunteers, reduced fever to endotoxin or killed bacteria was reported in different infections, such as in patients with pyelonephritis \[[@B5]\], in patients convalescent from typhoid and paratyphoid fever \[[@B6]\], and in patients recovering from malaria \[[@B7]\].

Not only can a pretreatment with endotoxin reduce subsequent lipopolysaccharide (LPS)-induced fever in rabbits, it also prevents LPS-induced lethality \[[@B8]\]. In mice, even when LPS-induced lethality was dramatically enhanced by galactosamine treatment, LPS tolerization could prevent mortality \[[@B9]\]. By specific cell transfer from LPS-resistant to LPS-sensitive mice, Freudenberg and Galanos \[[@B9]\] elegantly demonstrated the role of macrophages in the induction of endotoxin tolerance *in vivo*.

Endotoxin tolerance and cytokine production
===========================================

Tumor necrosis factor (TNF) is most probably the best marker of endotoxin tolerance as assessed by its dramatically reduced production following an LPS challenge in tolerized animals, in contrast to its sharp and fast peak in response to a first injection of LPS \[[@B10]\]. Interestingly, not all cytokines behave similarly. In mouse models of endotoxin tolerance, IL-6 and IFN-γ released in the circulation following an LPS challenge are also dramatically blunted, whereas this is not the case for IL-12p70, and the chemokines KC and MCP-1, the circulating levels of which were reduced but not as much as TNF and the previously mentioned cytokines \[[@B11]\]. In contrast, levels of IL-1β and IL-18 were maintained independently of the tolerization process. In humans, induction of tolerance by monophosphoryl lipid A led to a reduction of circulating TNF, IL-6 and IL-8 in response to a subsequent LPS challenge \[[@B12]\].

*In vitro*pre-treatment of macrophage cell lines with LPS, as well as freshly isolated macrophages and monocytes, rendered the cells hyporeactive to a second LPS stimulus, particularly in terms of cytokine production. *In vitro*tolerization of human monocytes could be partially mimicked by IL-1, IL-10 or TGFβ pre-treatment \[[@B13]\], and the use of anti-IL-10 or anti-TGFβ antibodies during the step of tolerization could prevent the phenomenon \[[@B14]\]. Although IL-10 contributes to endotoxin tolerance, its presence is dispensable as *in vivo*tolerization could be achieved in IL-10 deficient mice \[[@B15]\].

Endotoxin tolerance and resistance to inflammatory process or infection
=======================================================================

It is worth recalling that endotoxin tolerance has been associated with increased resistance and protection against tissue injuries and even mortality in models such as infected thermal injury \[[@B16]\], hepatic ischemia/reperfusion \[[@B17]\], renal ischemia/reperfusion \[[@B18]\], coronary occlusion \[[@B19]\], or hemorrhagic shock \[[@B20]\]. All these increased resistances to stressful situations further illustrate that endotoxin tolerance is far more than a single altered inflammatory responsiveness to LPS.

In contrast, some studies suggested that the induction of endotoxin tolerance might impair resistance to infectious processes. For example, a reduced level of IFN was reported in animals pretreated with LPS and further challenged with Newcastle disease virus \[[@B21]\]. Moreover, a reduced leishmanicidal activity was observed after pre-exposure of macrophages to LPS \[[@B22]\], and an impaired lung clearance of *Pseudomonas aeruginosa*was shown after LPS exposure \[[@B23]\]. Recent investigation with other infectious models using either *Cryptococcus neoformans*\[[@B24]\] or *Salmonella enteritica*\[[@B25]\] established that LPS tolerant mice had an increased resistance to fungal or bacterial infection, associated with a reduced burden of pathogens within the tissues. Based upon experiments combining pentoxifylline and LPS pretreatment \[[@B24]\], one can postulate that the boost of TNF, among other cytokines, during the first stimulation by LPS, later increased the resistance of the animals to the infectious process. This is in agreement with the protective role of inflammatory cytokines regularly reported since the 1980s. Accordingly, it is difficult to assume that endotoxin tolerance *per se*is directly linked to the increased susceptibility of systemic inflammation response syndrome (SIRS) patients to nosocomial infections. Indeed, leukocytes from sepsis and SIRS patients also display altered antigen presentation, direct microbicidal activity, and oxidative burst.

Leukocyte reprogramming in sepsis and systemic inflammatory response syndrome
=============================================================================

An altered responsiveness of circulating human monocytes has been regularly reported in sepsis patients. IL-1α, IL-1β, IL-6, and TNF production upon *ex vivo*activation of patients\' monocytes were significantly reduced in response to LPS \[[@B26]\]. Normal reactivity was never restored in non-surviving patients in contrast to those who recovered. This altered *ex vivo*cytokine production was reproduced in human volunteers receiving an injection of LPS \[[@B27]\].

Altered *ex vivo*cytokine production is not a generalized phenomenon
--------------------------------------------------------------------

The reduction of the capacity of circulating leukocytes to produce cytokine depends on several parameters. The change of monocyte reactivity is a reflection of subtle modifications that differ depending upon the nature of the stress. For example, in patients undergoing major surgery, two days post-surgery, the *ex vivo*production of TNF in response to LPS was never reported to be reduced \[[@B28]\]. In contrast, trauma patients displayed a long lasting hypo-reactivity several days after their admission \[[@B29]\]. It is possible that the use of anesthetic drugs during surgery may limit the cell reprogramming following surgical injury, in contrast to what happens in patients after trauma or burn. If so, it would imply that neuromediators contribute to control cellular reprogramming.

Many experiments assessing leukocyte hyporeactivity were performed in whole blood assays, and are difficult to interpret. First, some cytokines can be produced both by mononuclear and by polymorphonuclear cells present in whole blood samples (for example, IL-1ra), and the responsiveness of each individual population may be differently affected by the insult. This may explain why, in sepsis, the analysis of LPS-induced IL-1ra performed in whole blood displayed an enhanced release compared to healthy controls \[[@B30]\] while that produced by isolated neutrophils was reduced \[[@B31]\]. Second, the presence of immunosuppressive factors within the plasma may play an inhibitory role during the *ex vivo*culture and may mask or influence the individual behavior of leukocytes, once isolated \[[@B32],[@B33]\]. For example, in sepsis, *ex vivo*induction of TNF, IL-6 and IL-10 by heat-killed *Escherichia coli*was shown to be reduced in whole blood compared to healthy controls, whereas no difference was noticed with isolated monocytes \[[@B34],[@B35]\]. Despite this possibility, it is worth mentioning that, in trauma patients, numerous whole blood cultures revealed an enhanced release of cytokines in response to different agonists.

Monocytes from septic patients have a diminished capacity to release TNFα, IL-1α, IL-1β, IL-6, and IL-12 \[[@B30],[@B36]\], whereas this is not the case for IL-1ra \[[@B30]\], granulocyte colony stimulatign factor \[[@B37]\] and macrophage migration inhibitory factor \[[@B38]\]. We recently observed an enhanced production of IL-10 by monocytes from septic patients in response to both LPS and Pam3CysSK4 \[[@B35]\]. An enhanced or unchanged IL-10 production was observed with circulating leukocytes of patients after surgery \[[@B39]\], trauma \[[@B29]\], and in resuscitated patients after cardiac arrest (RCA) \[[@B40]\]. In sepsis there are controversial reports \[[@B41],[@B42]\]. The fact that, after LPS-triggering, monocytes can display a reduced production of TNF and an unaltered or even enhanced production of IL-10, illustrates that monocytes can still sense LPS, but that the intracellular signaling has been modified to limit the production of pro-inflammatory cytokines and to maintain or to favor that of anti-inflammatory ones.

There are still few studies that have investigated the responsiveness of circulating leukocytes of SIRS patients to agonists other than LPS. Recently, we showed in sepsis a significantly reduced reactivity of monocytes to Pam3CysSK4, a specific synthetic Toll-like receptor (TLR)2 agonist, compared to healthy controls. In contrast, the production of TNF induced by a TLR2 ligand was similar to that of healthy controls in RCA and trauma patients \[[@B35]\]. There are still too few studies with specific TLR9 ligands, and with IL-1 and TNF as stimulating agents \[[@B29]\] to conceive a general idea of the nature of the responsiveness to these specific activators.

Cross-tolerance has been regularly reported in experimental models of endotoxin tolerance between LPS and other TLR ligands. However, recent investigations suggest that the specificity of TLR agonists may influence the observation of cross-tolerance, since highly purified LPS (TLR4 ligand) did not tolerize macrophages to Pam3CysSK4 (TLR2 ligand) \[[@B43]\]. Revisiting the concept of cross-tolerance with Gram-positive bacteria in a mouse model of endotoxin tolerance, we showed that the phenomenon was only transient, especially in the blood compartment \[[@B44]\]. Although the use of highly specific TLR agonists is useful to further understand the alteration of specific signaling pathways within cells from SIRS patients, the response to whole bacteria may represent a more relevant and physiological approach to monitor the immune status. Many reports showed that leukocytes from SIRS and sepsis patients remained responsive to whole bacteria. Cells from SIRS patients normally responded to heat-killed *Staphylococcus aureus*and *Streptococcus pyogenes*\[[@B29]\]. These observations are in agreement with previous reports in sepsis performed with *P. aeruginosa*\[[@B41]\] and *Salmonella typhimurium*\[[@B45]\], and others in non-infectious SIRS with *S. aureus*\[[@B29],[@B40],[@B46]\]; they differ from other observations that showed in sepsis a reduced TNF production in response to *S. aureus*and *E. coli*\[[@B34],[@B47]\].

Mechanisms of leukocyte reprogramming
-------------------------------------

### Desensitizing agents in plasma

The presence of deactivating or immunosuppressive agents within the blood stream may contribute to the hyporeactivity of circulating leukocytes. In the late 1970s, it was reported that sera of burn patients were able to suppress the proliferative response of normal cells \[[@B48]\]. Prins and colleagues \[[@B49]\] showed that sera from septic patients had the capacity to down-regulate the TNF production by activated monocytes from healthy donors, The fact that \'septic plasma\' behaves as an immunosuppressive milieu \[[@B32]\] is illustrated in human volunteers by the capacity of endotoxin to induce plasma inhibitors \[[@B50]\]. Most interestingly, in septic patients, this suppressive effect was significantly reduced after passage of plasma through a resin and after incubation with anti-IL-10 antibodies \[[@B51]\]. IL-10 was identified as a major functional deactivator of monocytes in human septic shock plasma \[[@B52]\]. However, we demonstrated that IL-10 was not sufficient to explain the observed dysregulation that occurs in septic patients \[[@B53]\] and IL-10 knock out mice can still be tolerized to endotoxin \[[@B15]\]. TGFβ was also shown in animal models of hemorrhagic shock or sepsis to be the causative agent of the depressed splenocyte responsiveness \[[@B54]\]. Monocytes from immunocompromized trauma patients seem to be a source of TGFβ \[[@B55]\], and TGFβ released by apoptotic T cells contributes to this immunosuppressive milieu \[[@B56]\]. In addition, there is accumulating evidence for a strong interaction between components of the nervous and the immune systems. Numerous neuromediators have been shown to behave as immunosuppressors. Catecholamines, found to be at higher concentrations in stressful situations \[[@B57]\], suppress the activity of immuno-competent cells, inhibit TNF production and favor IL-10 release. Alpha-melanocyte-stimulating hormone also contributes to immunosuppression by inducing IL-10 production by human monocytes \[[@B58]\]. In addition, vasoactive intestinal peptide and pituitary adenylate cyclase-activating polypeptide directly inhibit endotoxin induced pro-inflammatory cytokine secretion \[[@B59]\]. SIRS is also associated with an activation of the hypothalamus-pituitary-adrenal axis, which leads to the release of glucocorticoids, well known for their potent ability to limit cytokine production \[[@B60]\]. Prostaglandins are produced during sepsis and can also contribute to the down regulation of cytokine production \[[@B61]\]. Finally, the levels of circulating heat shock proteins are elevated in SIRS and sepsis patients \[[@B62]\]. Since it has been shown that over-expression of heat shock proteins can inhibit LPS induced production of cytokines \[[@B63]\], one can postulate that they may play a role in desensitizing circulating cells.

### Endotoxin neutralizing molecules in plasma

When the cells from healthy controls were incubated with plasma from non-infectious SIRS patients, a strong inhibition of LPS-induced TNF production was observed, suggesting that patients\' plasma contains inhibitory mediators \[[@B64]\]. In contrast, SIRS plasma did not significantly affect the heat-killed *S. aureus*-induced TNF production. SIRS plasma, which contains high levels of sCD14 \[[@B65]\] and high levels of LPS-binding protein \[[@B66]\], may be particularly inhibitory towards the LPS-induced activation because of the presence of these molecules, high concentrations of which are known to specifically inhibit LPS. In addition, plasma lipoproteins are also known to neutralize endotoxins \[[@B67]\], and Warren and colleagues \[[@B68]\] have shown that LPS bound much more rapidly to lipoprotein fractions in tolerant serum than in normal serum. More recently, enhanced levels of ubiquitin, an 8.6 kDa protein involved in intracellular function, have been found in serum of sepsis and trauma patients and shown to specifically inhibit TNF induction by LPS \[[@B69]\]. Altogether, these observations may partially explain why LPS responsiveness is specifically reduced in SIRS compared to other activators.

### Nuclear factor-kappa B inhibition

Nuclear factor-kappa B (NF-κB) is critical for maximal expression of many cytokines involved in the pathogenesis of inflammation. Activation and regulation of NF-κB are tightly controlled by a group of inhibitory proteins (IκB), which maintain NF-κB in the cytoplasm of effector cells. Blackwell and co-workers \[[@B70]\] investigated the role of NF-κB in the mechanism of endotoxin tolerance in a rat alveolar macrophage cell line. Tolerance, monitored by cytokine production, was associated with an impaired activation of NF-κB and a depletion of both p65 and p50 forms. This study suggested that endotoxin tolerance may be mediated by limiting the amount of NF-κB available for activation and, thus, inhibiting transcription of NF-κB-dependent genes. On the other hand, Ziegler-Heitbrock and colleagues \[[@B71]\] demonstrated that endotoxin tolerance in a monocytic cell line was associated with an increase of the inactive p50 homodimer of NF-κB and a decrease of the p50p65 active heterodimer. We undertook a study on NF-κB expression in mononuclear cells of patients with severe sepsis or major trauma. Subsequent to an *in vitro*stimulation of peripheral blood mononuclear cells (PBMCs) with LPS, the expression of both p65p50 and p50p50 was low in survivors of sepsis, while non-survivors of sepsis showed a predominance of the inactive homodimer and a low p65p50/p50p50 ratio when compared to controls \[[@B72]\]. In the latter group of patients there was a reverse correlation between plasma IL-10 levels and the p65p50/p50p50 ratio after *in vitro*LPS stimulation. The reduced expression of nuclear NF-κB was not due to its inhibition by IκBα since very low expression of IκBα and low levels of p65 and p50 were found in the cytoplasm of PBMCs from sepsis patients when compared to controls. These results demonstrate that, upon LPS activation, PBMCs of SIRS patients show patterns of NF-κB expression that resemble those reported during LPS tolerance: a global down-regulation of NF-κB in survivors of sepsis, or the presence of large amounts of the inactive homodimer in the non-survivors. In trauma patients, we observed a long-term reduction of both p65/p50 heterodimers and p50/p50 homodimers and a reduced p65p50/p50p50 ratio after LPS stimulation *in vitro*\[[@B73]\].

### Down regulation of TLR-associated signaling pathways

Still very few studies have addressed in humans the link between the altered responsiveness to LPS of monocytes of sepsis and SIRS patients and the modification of the TLR4 signaling pathways. In the past few years, numerous intracellular molecules that negatively regulate LPS-activated signaling pathways have been discovered (Figure [1](#F1){ref-type="fig"}). IL-1 receptor associated kinase (IRAK)-M prevents the dissociation of IRAK-1 and IRAK-4 from myeloid differentiation (MyD)88 and the formation of IRAK-TNF receptor associated factor (TRAF)6 complexes, and is a negative regulator of TLR signaling. Interestingly, endotoxin tolerance is significantly reduced in IRAK-M deficient mice \[[@B74]\]. It has been recently reported that monocytes from septic patients, when stimulated with LPS *ex vivo*, express IRAK-M mRNA more rapidly than cells from healthy donors \[[@B75]\]. Phosphatidylinositol 3-kinase behaves as an early inhibitor of TLR signaling \[[@B76]\]. Learn and colleagues \[[@B77]\] reported in septic patients that the repressed production of IL-1β and the selective elevation of the secreted form of IL-1Ra in response to LPS were linked to a probably altered IRAK-dependent signaling pathway and a maintained efficient phosphatidylinositol 3-kinase-dependent signaling pathway. Toll interacting protein (Tollip), an adapter protein found to associate with the cytoplasmic TIR domain of IL-1R, TLR2 and TLR4, potently suppresses the activity of IRAK after TLR activation \[[@B78]\]. A splice variant of MyD88, termed MyD88 short (MyD88s), induced upon LPS activation, is defective in its ability to induce IRAK phosphorylation and behaves as dominant-negative inhibitor \[[@B79]\]. Single immunoglobulin IL-1R-related molecule (SIGIRR), a member of the TLR/IL-1R superfamily, is a negative modulator of the signaling induced by IL-1 or TLR4 ligands in other cells than macrophages \[[@B80]\]. Suppressor of cytokine signaling (SOCS)-1, promptly induced in macrophages upon LPS stimulation, is a negative regulator molecule of the JAK-STAT signal cascade. Interestingly, endotoxin tolerance cannot be observed in mice deficient for SOCS-1 \[[@B81]\]. We recently investigated the Tollip, SOCS1, MyD88s and SIGIRR regulators in sepsis and RCA patients. In monocytes of sepsis patients, we found that the mRNA expression of Tollip and SOCS1 was unchanged, while that of MyD88s and SIGIRR was significantly enhanced compared to healthy controls \[[@B35]\]. Other molecules involved in down-regulating the TLR4-induced MyD88-dependent signaling pathway would be worth investigating. In addition to SIGIRR, two other surface receptors are known to down regulate TLR4-signaling, namely RP105, which prevents TLR4/MD2 activation \[[@B82]\], and ST2, which interacts with and inhibits MyD88 and Mal/TIRAP \[[@B83]\]. Intracellular inhibitory molecules include: Triad3A, which favors ubiquitynilation of TLR4 and promotes its degradation via the proteosome \[[@B84]\]; Flightless I homolog, which interacts with MyD88 and interferes with the formation of the TLR4-MyD88 complex \[[@B85]\]; Monarch-1, which associates with IRAK-1, resulting in the blockage of IRAK-1 hyperphosphorylation \[[@B86]\]; A20, which removes ubiquitin moieties from the signaling molecule TRAF6 \[[@B87]\]; SHIP, which is produced in response to TGFβ exerting its inhibitory effects, primarily through the hydrolysis of the phosphatidylinositol 3-kinase \[[@B88]\]; TRAF4, which interacts and counteracts TRAF6 and TRIF molecules \[[@B89]\]; FLN29, which contains a TRAF-6-related zinc finger motif suppressing NF-κB and mitogen-activated protein kinase activation downstream of TRAF6 \[[@B90]\]; ABIN-3, which inhibits NF-κB activation, downstream of TRAF6, but upstream of IKK (Wullaert *et al*., personal communication); Dok-1 and Dok-2, which are negative regulators of the Ras-Erk signaling pathway \[[@B91]\]; DUSP1 \[[@B92]\] and MKP-1 \[[@B93]\], which control p38 MAP kinase activation; RanGTPase, which reduces NF-κB accumulation in the nucleus \[[@B94]\]; and Bcl-3, which is induced by IL-10 and inhibits NF-κB binding onto its promotor sites \[[@B95]\] (see Figure [1](#F1){ref-type="fig"}).

Alteration of immune status or physiological adaptation?
========================================================

Sepsis and non-infectious SIRS are associated with an exacerbated production of cytokines, as assessed by their presence in biological fluids \[[@B96]\]. The enhanced levels of cytokines within the bloodstream reflect the presence of activated or primed leukocytes within the different tissue compartments \[[@B97]\]. The local enhanced inflammatory response is a prerequisite to prevent infectious development in tissues, but failure to properly down-regulate the inflammatory process may lead to organ failure. The diminished capacity of circulating monocytes to produce cytokine upon *in vitro*activation displays similarities with the endotoxin tolerance phenomenon. This may represent a protective response against an overwhelming dysregulation of the pro-inflammatory process \[[@B98]\]. In contrast to endotoxin tolerance, which has been shown to enhance resistance to infection, the observation of an altered immune status in patients may favor an increased risk of subsequent nosocomial infections. Other defects have been reported for T cells, dendritic cells, as well as apoptosis that mainly affects immune cells. However, monocyte hyporeactivity is not a global phenomenon and some signaling pathways are unaltered and allow the cells to respond normally to certain stimuli. The terms anergy, immunodepression, or immunoparalysis are often used to qualify the immune status of sepsis patients. However, the term \'cellular reprogramming\', previously proposed by Zhang and Morisson \[[@B99]\] to characterize endotoxin tolerance, appears to be the most appropriate one to define the events occurring among circulating leukocytes during critical illness.
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![Inhibitory signals of the Toll-like receptor (TLR)4-induced MyD88-dependent signaling pathway. In addition to negative signals delivered by cytokines, cell surface receptors and numerous intracellular molecules down-regulate the TLR4-dependent signaling pathways following its activation by endotoxin (lipopolysaccharide (LPS)) (see text for further explanation). Small downwards and upwards arrows in squares indicate the down- or up-regulation, respectively, of the compound observed in endotoxin tolerant cells. Framed names of inhibitors indicate their demonstrated involvement in the endotoxin tolerance process. ABIN, A20 binding inhibitor of NF-κB activation; DUSP-1, dual specificity phosphatase 1; Erk, extracellular signal-related kinase; HO-1, heme oxygenase-1; IκB, inhibitor of κB; IRAK, IL-1 receptor associated kinase; MAPK, mitogen-activated protein kinase; MKP, MAPK phosphatase; MyD88, myeloid differentiation 88; NF-κB, nuclear factor-kappa B; pi3K, phosphatidylinositol 3-kinase; SHIP, SH1-containing inositol-5\' phosphatase; SIGIRR, single immunoglobulin IL-1R-related molecule; SOCS, suppressor of cytokine signaling; STAT, signal transducer and activator of transcription; TAK1, TGFβ activating kinase 1; TGF, transforming growth factor; Tollip, Toll interacting protein; TRAF, TNF receptor associated factor.](cc5055-1){#F1}
